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Abstract 
The suitability of EGNSS (including EGNOS and Galileo early services) for safety railway applications has been analysed by 
several European projects such as Grail, Grail-2, Satloc, 3InSat, and it is currently being analysed by ERSAT EAV. ERSAT EAV 
in particular is addressing the following three challenges beyond the state-of-the-art: a) reuse of ETCS odometry by adding the 
virtual balise concept to eliminate the fixed balise along the line; b) adoption of the public EGNOS Augmentation network 
“upgraded” with Local augmentation networks to fulfil the railways’ requirements; c) verification and validation of alternative 
GNSS solutions to guarantee localization functions in areas where the GNSS signal is not available and/or subject to interference. 
This paper focuses on the third of these challenges, addressing the design and the implementation of a complementary positioning 
system (CPS) for GNSS-denied areas. This system is based mainly on the Public Land Mobile Network (PLMN) information but 
also incorporates additional source information (such as predefined GNSS blocked zone information and GNSS positioning 
information for calibration purposes, when available) in order to enhance positioning performance. 
This paper deals with the different steps taken to create the CPS: 
1. Analysis of the alternatives for complementary positioning systems when GNSS is not available 
2. Simulation and development of algorithms for the CPS in the lab 
3. Creation of a prototype for the CPS based on COTS components 
More specifically, after analysing the state-of-the-art technologies, the algorithms for the selected solution will be implemented in 
the laboratory. In order to analyse the theoretical performance of the algorithms, the environment and observables for the algorithms 
will also be modelled in the simulation platform. The performance of the CPS will be analysed in terms of accuracy, reliability, 
continuity and integrity in a way similar to the GNSS systems. Finally, the algorithms will be implemented in a prototype based 
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on COTS components so that the CPS will not be a theoretical solution but also a real solution that could be useful for the on-board 
positioning function in trains when GNSS solutions are not available. 
Keywords: railway positioning; GNSS-denied areas; data fusion; IMU; radio communication observables; fingerprinting 
Nomenclature 
AoA Angle of Arrival 
BTS Base Transceiver Station  
CDMA Code Division Multiple Access 
CPS  Complementary Positioning System 
DCM Data Correlation Method 
EIRENE European Integrated Railway Radio Enhanced Network 
GNSS Global Navigation Satellite System 
GSM-R Global System for Mobile Communications 
IMU Inertial Measurement Unit 
MORANE MObile RAdio for Railways Networks in Europe 
RSS Received Signal Strength 
LDS  Location Determination System 
QM  Quality Measurement 
TDoA Time Difference of Arrival 
ToA Time of Arrival 
ToF Time of Flight 
UMTS Universal Mobile Telecommunication System 
WCT Wireless Communication Technologies 
1. Introduction 
One of the main challenges of ERTMS Level 3 is defining a suitable positioning system given such restrictive 
safety and availability requirements. The inclusion of GNSS technologies is one of the unavoidable steps forward that 
the railway sector has to face. However, the particularities of train itineraries force the GNSS receiver to complement 
other devices. In that sense, this paper shows the progress made in that field in the first period of the European project 
ERSAT-EAV (ERSAT-EAV 2015). 
There are two main alternatives for location in non-GNSS based systems. On the one hand, wired sensors such as 
odometers and inertial measurement units (IMU) provide continuous positioning after directly processing their data. 
With such systems, the quality of the device and sensors affects the dependability/reliability of the estimation error. 
On the other hand, some wireless devices are able to estimate position using a more complex operation. Recently, the 
EATS Project (ETCS Advanced Testing and Smart Train Positioning System) (S. Arrizabalaga et. al. 2014) has, for 
the first time, introduced the GSM-R and UMTS (WCT) technologies in the on-board location system. 
These technologies are mainly based on the analysis of the specific physical characteristics of radio signals, which 
are called observables, such as Received Signal Strength (RSS), Time of Flight (ToF) and Angle of Arrival (AoA). 
The wireless location methods presented in section 3 use the observables introduced in section 2, either alone or in 
combination, in order to provide a position (Bensky, A., 2008).  
In any case, in each circumstance, the set of available measurements affects the position estimation technique or 
signal processing strategy used to solve the user’s positioning problem. Three main groups of algorithms can be 
distinguished: geometric approaches, dead reckoning, and fingerprinting (Mauricio A. Caceres Duran et. al. 2012). 
The first and second technique types estimate the user’s position using the information (e.g. time, angle, and odometer 
data) extracted directly from the signal received wirelessly or through wired input. The third group first requires 
a measurement campaign be carried out in order to build a database of location fingerprints, and then the location of 
the user is estimated by matching the received measurement (usually power measurements) with the closest one stored 
4564   I. Adin et al. /  Transportation Research Procedia  14 ( 2016 )  4562 – 4571 
in the database. The algorithms and techniques are shown in section 3, the complimentary positioning system (CPS) 
in presented in section 4, and the plans for implementation, validation and future deployment are described in the 
sections 5–7. 
2. Technologies and information needed for non-GNSS-based location systems 
This section describes the wireless communication technologies (GSM-R and UMTS) and devices such as the IMU 
and the odometer that are considered as sources of information that can be used for positioning.  
2.1. Wireless communication technologies: GSM-R and UMTS 
GSM-R (Global System for Mobile Communications-Railway) is used for communication between train and 
railway regulation control centres as part of the European Rail Traffic Management System (ERTMS). GSM-R is 
based on GSM technology and on EIRENE (European Integrated Railway Radio Enhanced Network) and MORANE 
(MObile RAdio for Railways Networks in Europe) specifications. The task of railway operators in EIRENE is to 
define the GSM-R system requirements and the functional requirements thus guaranteeing the interoperability 
between the railway networks. 
Special requirements for GSM-R networks derive from the requirements of applications using GSM-R, such as 
95% coverage for 95% of the time in a designated coverage area with a level of above -90dBm. Moreover, coverage 
must exists inside tunnels (3GPP TS 44.031 2012). The high availability of GSM-R in railway environments makes 
it interesting for location purposes, although given that it is based on GSM technology, the accuracy obtained with 
this technology is much worse than the accuracy obtained by the GNSS system. However, it can be useful when higher 
accuracy technologies are not available.  
In analysing the viability of the GSM-R system for positioning, we looked at previous analyses of GSM technology 
in order to select the observables that potentially could be obtained from the GSM-R transceiver in the train or that 
could be sent to the transceiver by the surrounding infrastructure. The information regarding potential observables 
will be integrated into the position calculation algorithm presented in the next section.”  
In contrast, location accuracy from third generation cellular devices (UMTS) is significantly better than that 
achieved in GSM and CDMA. The inherent accuracy of UMTS is greater because of the increased signal bandwidth 
and shorter bit period. These features significantly improve the ability to distinguish the line-of-sight signal among 
multipath returns in reception. The Universal Mobile Telecommunication System (UMTS) supports the following 
location methods (3GPP TS 25.305 2012): 
x Cell-ID 
x Uplink TDOA (U-TDOA) 
x Observed TDOA-idle period downlink (OTDOA-IPDL) 
x Network-assisted (A-GPS) 
 
Cell-ID is the most basic positioning technology for cellular networks (also for GSM-R). Each base station knows 
which cell the handset is in, and the handset also knows what cell it is in. The accuracy of this method depends on the 
dimensions of the cell, where smaller cells yield higher accuracy. Table 1 shows the sizes of some types of cells. It 
can be easily observed that the position obtained using this method will be very variable depending on the location.  
Table 1. Cell types according to their sizes (3GPP TS 25.305 2012). 
Cell Type Cell dimension (km) 
Large macrocell 3–30 
Small macrocell 1–3 
Microcell 0.1–1 
Picocell 0.01–0.1 
Nanocell 0.01–0.001 
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The Cell-ID method is more accurate in urban environments where there are more UMTS users and more cells are 
required to provide proper service. The need to have a higher number of UMTS cells is behind the need to make 
smaller cells, which substantially enhances positioning accuracy. On the other hand, in rural environments macrocells 
are common and thus this method is nearly unusable. Apart from that, a user terminal is not always connected to the 
nearest antenna. In some conditions the terminal can decide to connect to a neighbouring antenna, worsening the 
accuracy in positioning. Other enhancement methods can be defined for Cell-ID methodology, but this paper does not 
address any of them in depth. The base assumed for the work on ERSAT-CPS is Cell-ID RTT. 
On the other hand, both U-TDOA and OTDOA-IPDL methods are based on Time Difference of Arrival methods. 
The first one, Uplink Time Difference of Arrival (U-TDOA), involves using the uplink signal and doing the time 
computation in the network. The second one, Observed Time Difference of Arrival (OTDOA-IPDL), uses the 
downlink signal measurements, and the computation that obtains the position can be done in the handset. Further 
information about these two methods can be found in the deliverables from the EATS project (S. Arrizabalaga et. al. 
2014), but they are not representative for the needs of the complimentary positioning system presented here. However, 
they are compared to the Cell-ID method in Table 2. TDOA is found by finding the maximum cross correlation of 
a received signal with a replica of the known transmitted signal. In a handset-based system, the handset estimates the 
relative time delays of the input sequences from three or more base stations. Usually there is no synchronization 
between the handset and base stations clocks, so to estimate a position with TDOA the handset must receive the 
transmission times from each base station according to a common clock and their positions. The handset could also 
transmit its observed time differences to a special terminal that has all the information necessary to calculate the 
handset’s position. 
Table 2. Positioning methods characteristics (3GPP TS 25.305 2012). 
Positioning Methods Reliability Latency Applicability Accuracy vs. Positioning Scenario 
Rural Suburban Urban 
Cell-Id – RTT High 1–5 s High 250 m–35 km 250–2500 m 50–550 m 
OTDOA-IPL Medium <10 s Medium 50–150 m 50–250 m 50–300 m 
U-TDOA Medium <10 s Low 50–120 m 40–50 m 40–50 m 
2.2. Inertial measurement unit 
An inertial measurement unit (IMU) is a device that has three gyroscopes and three accelerometers that are 
displaced along three mutually orthogonal axes. The main idea of inertial navigation is Newton’s First Law: “A body 
will continue in its state of rest, or of uniform motion in a straight line, unless an external force is applied to it”. The 
accelerometers detect the acceleration changes due to the forces of gravity and the gyroscopes detect the changes in 
the rotational attributes. The combination of these parameters can easily be used in algorithms to estimate a position, 
as the next section will explain. 
Using IMUs has some benefits; they are autonomous and do not dependent on other devices or signal visibility. 
They do not need an antenna, so they can be placed anywhere as it is not necessary to have a clean sight for signal 
reception. 
On the other hand, the main problem with IMUs is accumulative error. There are two main sources of error, namely 
bias error and noise: 
x Bias errors are constant errors suffered by the sensors in their measurements. Bias can be static or dynamic. Static 
bias is a constant error resulting from incorrectly calibrated sensors, whereas dynamic bias is the in-run variation 
and changes over time. Dynamic bias is about 10% of static bias, so its influence in the total error is lower. 
x Noise is the unwanted signal generated from internal electronics, which interferes with measurement of the desired 
signal. In general, velocity, position, and pitch-or-roll error from the accelerometer or gyroscope white noise will 
be smaller than the bias and constant errors described before. 
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2.3. Odometer 
Odometry is the process by which the position of wheeled vehicles is estimated. This term is usually used in order 
to speak about the distance travelled and the position relative to a known point at which the trip started. To have good 
odometry data, it is necessary to have a precise data acquisition system, well-calibrated equipment and good data 
processing. 
The odometer is the device that is responsible for giving the velocity of the train at any moment. This element is 
already present in all the trains equipped with the modern signalling systems. Specifically, inside an ERTMS system, 
it meets the following security requirements: 
x The odometer requires a precision of +/-(5m+5%*s), s being the distance (in meters) from the last reference point 
to the position of the train. 
x The precision for the on-board velocity should be better than +/-2Km/h for velocities lower than 30Km/h and it 
can increase linearly until the +/-12Km/h when the train reaches 500Km/h. 
x Finally, it can support an acceleration error of +/-4 ǔm/sǕ^2. 
3. Analysis of non-GNSS based location algorithms 
This section presents three different algorithms, each of which independently calculates a user’s position by using 
the data that is required by each approach. Their input data are directly extracted from the technologies’ observables 
and other information systems, such as those presented in the previous section. 
3.1. Geometric approach to wireless location algorithms 
Consider that we want to calculate the ሺݔ௜ǡ ݕ௜ǡ ݖ௜ሻ position of the user by using the observations presented in the 
previous section. Assuming perfect observations, i.e. that the calculation of these estimates is made without any error, 
the position of the user can be found by using simple geometric deterministic considerations: 
x Using TOA or RTT observations, the user’s position will be the intersection of the spheres centred in each BTS 
and with radio signals the distance between each BTS and the user. In a 3D space, a minimum of four BTSs are 
needed to obtain four ranging estimates. Thus, in a 3D space, the real distance ݀ሺ௜ǡ௝ሻ between user ݅ and BTS ݆is 
equal to:  
ሺ୧ǡ୨ሻଶ ൌ  ሺ୧ െ ୆୘ୗౠሻଶ ൅ ሺ୧ െ ୆୘ୗౠሻଶ ൅ ሺ୧ െ ୆୘ୗౠሻଶ (1) 
where ሺ୧ǡ ୧ǡ ୧ሻ are the user coordinates and ሺ୆୘ୗೕǡ ୆୘ୗೕǡ ୆୘ୗೕሻ are the BTS coordinates.  
x Using TDOA observations, the user’s position will be the intersection of the hyperboloids describing the time 
difference measurements between four or more BTSs in a 3D space. The time differences of arrival are a set of 
points with constant range-difference from each BTS݆ to the BTS reference ݉ ൌ ͳ. In a 3D space, the real ࢊሺ࢏ǡ࢐ǡ࢓ሻ 
is equal to: 

݀ሺ௜ǡ௝ǡ௠ሻ ൌ ݀ሺ௜ǡ௝ሻ െ ݀ሺ௜ǡ௠ሻ
ൌ ටሺݔ௜ െ ݔ୆୘ୗೕሻଶ ൅ ሺݕ௜ െ ݕ୆୘ୗೕሻଶ ൅ ሺݖ௜ െ ݖ୆୘ୗೕሻଶ
െ ටሺݔ௜ െ ݔ୆୘ୗ೘ሻଶ ൅ ሺݕ௜ െ ݕ୆୘ୗ೘ሻଶ ൅ ሺݖ௜ െ ݖ୆୘ୗ೘ሻଶ
 (2) 
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Unfortunately, in the real world the observations present errors and the corresponding spheres, hyperboloids or 
lines do not intersect in a unique position. To solve the equations and provide the position estimation, different 
techniques are used, such as Least Square Error (LSE) (Guowei Shen et. al. 2008), Taylor Series (Guowei Shen et. al. 
2008), Recursive Least Square (RLS) (Yuechun Chu et. al.2005) or more advanced techniques such as particle filters 
(H. Wang et. al. 2011) and Kalman filters (S. M. Kay 1993), (G. Welch et. al. 2006). 
3.2. Dead reckoning 
Inertial navigation systems are integrated systems able to detect position and velocity of a unit in movement, due 
to the information obtained from odometers, gyroscopes and accelerometers. They calculate the position via dead 
reckoning using the data received from the motion sensors and the rotation sensors. To do that, IMUs and odometers 
are used. 
Dead reckoning is a method that calculates the current position of an object based on previous measurements. It is 
able to give the best available trajectory estimation on position, but the information must be accurate to be reliable, as 
it suffers from accumulative error. If the information is not accurate enough, the position will not be accurate, and the 
calculation of the next position would be based on an incorrect initial position, making that second calculation have 
an even higher error. 
Dead reckoning could be sufficiently accurate for a short period of time, but the longer it runs, the error in position 
estimation will continuously increase due to the accumulation of errors. 
3.3. Fingerprinting 
Fingerprinting is a Data Correlation Method (DCM). The idea behind database correlation is to store the parameters 
obtained from a signal seen by a mobile station from the whole coverage area of the location. The algorithm uses 
a correlation approach to obtain the location (B.D.S.Lakmali et. al. 2007). This method involves three steps: 
x Obtaining fingerprints: The stored signal information is called a “fingerprint”. Depending on the cellular system, 
fingerprints include signal strength, signal time delay, etc. Measurements can be taken by the network or by the 
mobile station. As previously mentioned, the received signal strength (RSS) at the mobile station is the selected 
fingerprint variable for the technologies mentioned in previous sections. The fingerprint database consists, in this 
case, of the GPS coordinates of a location and the received signal strength of the base station it is connected to and 
other neighbouring base stations. A sliding window method can be used to reduce the distance between two 
fingerprints and resolution can be increased by overlapping the measurements (B.D.S.Lakmali et. al. 2007). 
x Database preparation: The database can be prepared in two ways. The first one is by taking measurements in the 
location where the algorithm will be used afterwards. The second one is by using predictive databases, which use 
propagation models in different scenarios to predict how signals are going to behave in that environment. 
x Location estimation: The RSS of each of the cells and the input fingerprint should be given to the DCM algorithm. 
The objective is to find the stored fingerprints that best match the input fingerprint. This can be done by measuring 
the signal distance between each database fingerprint and the input fingerprint. Another way to do this is by 
defining a valid RSS range for each cell in each fingerprint, and then determining whether or not an input RSS 
value is inside this valid RSS range. After identifying the nearest neighbours by using one of these two approaches, 
the location is estimated using the weighted k-nearest neighbours (WkNN) method, as in (3): 
݌ ൌ σ݌୧ݓ୧ (3) 
where p=Estimated location, pi=Location of the ith nearest neighbour and wi= Weight of the ith nearest neighbour 
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4. CPS architecture in the ERSAT-EAV system  
CPS is the ERSAT-EAV’s (ERSAT-EAV 2015) on-board LDS (Location Determination System) block, which 
provides a position whenever GNSS is not available. ERSAT-CPS will continuously provide a PVT estimation and 
a QM (Quality Measurement). The PVT will be employed to provide Position, Velocity and Time Data; on the other 
hand, a quality measurement will be a data of the quality of the position provided. An overview of the architecture is 
briefly explained in that section. 
4.1. CPS architecture  
The CPS approach differs depending on the nature of the GNSS availability. It relies on different strategies 
depending on whether GNSS is blocked or not. For non-blocked scenarios, the CPS will be synchronized, calibrated 
and aided by GNSS via the Universal PVT strategy. When GNSS is blocked the CPS will be used alone. 
CPS will require PVT and QM from the ERSAT-EAV core (SIL4 EGNSS-based Enhanced Localisation for 
Railway). This function will be used to calibrate the CPS when GNSS is available, as the position accuracy offered 
by GNSS is higher than the one given by CPS. The data received will be employed by the CPS as a reference position 
to estimate the position based on data or information from other sensors. QM will be used in order to determine the 
quality of the position data. SIL4 EGNSS-based Enhanced Localisation for Railway will be also used for the CPS 
time synchronization. Time synchronization is the key factor in order to provide the data with the same time reference. 
 
Fig. 1. ERSAT CPS block diagram. 
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Fig. 1 shows the block diagram that is going to be included in the ERSAT-CPS core, as well as the implementation 
foreseen for the processor and the peripherals based on COTS.  
 
The CPS will complete the following functions: 
x CPS will power on together with the complete ERSAT-EAV system. 
x Communications between the core and the CPS will be take place through a wired interface. The PVT and QM 
will be transmitted in a bidirectional way from the CPS to the core and vice versa.  
x CPS will synchronize its own time reference to the ERSAT-EAV core time reference. 
x CPS will calibrate its reference position to the one provided by the ERSAT-EAV core, whenever the provided 
position quality is higher than the one estimated by the CPS. 
x CPS will estimate the train PVT and QM by means of different sources, which were introduced in the previous 
sections. It will have an IMU and the corresponding processing to obtain the position using the dead reckoning 
strategy. By means of the observables obtained from WCT-TLC, it will estimate absolute position. It is foreseen 
that observables such as GSM-RXLEV or GSM-TA will be employed as part of a fingerprinting positioning 
strategy. 
 
The SIL4 EGNSS-Based Enhanced Localization for Railway is not a part of the CPS; it is the complete system, 
but it gives data to the CPS in order to calibrate and time-synchronize the CPS. On the other hand, the CPS will return 
the position estimation obtained from all the systems that compose it to the SIL4 EGNSS-Based Enhanced 
Localization for Railway. It will provide Position Time and Velocity to the CPS and will be developed by other 
partners in the project. 
5. Simulation strategy for the CPS algorithm 
This section describes the ATLAS platform employed for the system simulation and lists the system performance 
indicators employed.  
5.1. ATLAS platform 
For the development and analysis of new location system algorithms, the ATLAS platform (J. Goya et. al. 2015) 
has been developed as part of the EATS project (S. Arrizabalaga et. al. 2014). 
The Advanced Train Location Simulator (ATLAS) contains four independent and exchangeable modules to cover 
the entire process for location algorithm testing: the route simulator module, the input generator module, the position 
estimator module and the performance analysis module: 
x The route simulator module obtains the real trajectory of the train; it has support for providing real trajectories for 
many places in the train (e.g: several receivers placed on the roof of the train in the different cars). 
x The Input Generator module generates the observables/measurements that the particular location system to be 
developed/tested needs. If there are several receivers, the inputs for each of the receivers are generated. Different 
error patterns can be used and hundreds of iterations can be performed in order to provide statistically significant 
results at the end. 
x The position estimator module is directly related to the location system: it offers a position estimation for the input 
parameters provided by the previous module. ATLAS makes it possible to test several alternatives simultaneously 
in order to compare their performance. 
x The performance analysis module offers numerical and graphical results for the statistical analysis of the location 
algorithm results compared with the true/real trajectory that was generated in the first module. 
The information exchange between the modules is carried out by using a fixed structure of folders and file 
names that are handled automatically by the platform. This modularity permits the modules to be easily 
exchangeable as long as they fulfil the predefined file format. In addition, ATLAS is useful not only for wholly 
simulated scenarios; it also carries out a performance analysis of location algorithms based on information 
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collected in field testing, as is the case for the ERSAT-CPS, which is introduced here. Field testing information 
can also be combined and/or compared with simulated results, as it offers many possible combinations. 
5.2. CPS algorithm performance evaluation 
As already highlighted in the description of the ATLAS platform, this tool has a performance analysis module that 
provides not only basic statistical analysis of individual shots but also grouped statistical analysis for several iterations. 
The basic statistical parameters are the following: 
x The position distance error, defined as the Euclidean distance between the real position calculated and the estimated 
one at each time instant along the trajectory, 
x RMSE (Root Mean Square Error) is a measure of the square root of the deviation of the estimated position about 
the true position, so it combines both the variance and the bias.  
x CDF (Cumulative Distribution Function) is the probability of having a distance error in positioning that is lower 
than a certain value.  
 
When several runs have been carried out within the same configuration, the grouped analysis can be run in order 
to analyse overall results at a glance. Utilities for comparing different configurations for one location system 
simultaneously or for comparing several location systems are also integrated into the platform. Additionally, the 
ATLAS platform performance analysis has also been upgraded to include more performance parameters that are 
especially common in GNSS algorithms: accuracy, reliability, integrity and continuity values are calculated, and 
Stanford Plots are included in the analysis.  
In those conditions, the CPS algorithm will be evaluated in ATLAS by including real input data from the 
measurement campaigns, which should reflect a quite reliable behaviour for its final performance in the prototype 
deployment. 
6. Future prototype deployment 
Once the prototype introduced in the previous section is implemented and its software is validated in ATLAS, it 
will be deployed in a real environment. More specifically, the ERSAT project has a work package dedicated to the 
validation of the systems through a measurement campaign on board a train and another test period using the DLR 
train simulator. 
During deployment, the performance of the CPS will be analysed and the differences between the laboratory test, 
its validation and the pilot test will be understood. The plan includes the following procedure: 
x The real trajectory will be collected by using high-end GNSS receivers and/or map-matching techniques so it can 
be used as the common “truth” reference for both laboratory and pilot tests. 
x The measurements used by the location system will be collected in order to provide the possibility of fine-tuning 
the location system in the laboratory by using the ATLAS platform.  
x The laboratory-based (simulated) location algorithm results and field-test-based results will be compared by using 
the ATLAS performance analysis module, providing useful information for future enhancements for both the 
simulation platform and the deployed location system. 
7. Conclusions 
After analysing the state-of-the-art technologies and the information that a specific equipped train is able provide, 
the Complementary Positioning System was designed and its implementation with COTS components was proposed. 
Three algorithms – geometric approaches to wireless location, dead reckoning, and fingerprinting – need to be used 
in accordance with the available information at every moment. 
Prior to deployment and validation in the field, the theoretical performance of the algorithms, the environment, and 
the observables for the algorithms could be modelled in the simulation platform called ATLAS. This would evaluate 
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the performance of the CPS in terms of accuracy, reliability and continuity, indicators similar to the GNSS system 
which CPS has to complement. 
Acknowledgements 
This work was supported by the European Community’s Framework Program FP7/2007-2013 in the frame of the 
EATS project under grant agreement 31419, and also by the European Community’s Framework H2020 in the frame 
of the ERSAT-EAV project under grant agreement 640747. 
References 
3GPP TS 25.305 Stage 2 functional specification of User Equipment (UE) positioning in UTRAN Universal Mobile Telecommunications System 
(UMTS) – Cell-ID location technique, limits and benefits: an experimental study E. revisani, A.Vitaletti, version 11.0.0 Release 11, 2012-09. 
3GPP TS 44.031: Digital cellular telecommunications system (Phase 2+): Location Services (LCS); Mobile Station (MS) – Serving Mobile; 
Radio Resource LCS Protocol (RRPL) Location Centre (SMLC) 3GPP V11.0.0 Release 11, 2012-10. 
Arrizabalaga, S., Mendizabal, J., Pinte, S., Sanchez, J., Gonzalez, J., Bauer, J., Themistokleous, M. and Lowe, D. “Development of an Advanced 
Testing System and Smart Train Positioning System for ETCS applications,” TRA2014, 2014. 
Bensky, A., 2008. Wireless positioning technologies and applications. Boston, Mass. Artech House. 
Caceres Duran, M.A., D’Amico, A.A., Dardari, D., Rydstr¨om, M., Sottile, F., Ström, E.G. and Taponecco L. In Davide Dardari, Marco Luise, 
and Emanuela Falletti, editors, Satellite and Terrestrial Radio Positioning Techniques, Chapter 3 – terrestrial network-based positioning and 
navigation, pages 75–153. Academic Press, Oxford, 1 edition 2012. 
ERSAT-EAV H2020 Galileo Call 2014, funded by European Commission with contract number 640747 2015-2017. 
Goya, J., Zamora-Cadenas, L., Arrizabalaga, S., Braz´alez, A., Meléndez, J. and Mendizabal, J. “Advanced Train Location Simulator (ATLAS) 
for developing, testing and validating on-board railway location systems,” European Transport Research Review, vol. 7, no. 3, p. 24, 2015. 
[Online]. Available: http://link.springer.com/10.1007/s12544-015-0173-5. 
Guowei Shen, Zetik, R. and Thoma, R.S. “Performance comparison of TOA and TDOA based location estimation algorithms in LOS 
environment,” in Positioning, Navigation and Communication, 2008. WPNC 2008. 5th Workshop On, 2008, pp. 71–78. 
Kay, S.M. Fundamentals of Statistical Signal Processing: Estimation Theory. Prentice Hall, 1993. 
Lakmali, B.D.S., Wijesinghe, W.H.M.P., De Silva, K.U.M., Liyanagama, K.G., Dias, S.A.D. Design, Implementation & Testing of Positioning 
Techniques in Mobile Networks, Information and Automation for Sustainability, 2007. ICIAFS 2007. Third International Conference  
on 4–6 Dec. 2007. 
Welch, G. and Bishop, G. “An introduction to the kalman filter.” 2006.  
Wang, H. and Hou, H. “Experimental analysis of beamforming in high-speed railway communication,” in Personal Indoor and Mobile Radio 
Communications (PIMRC), 2011 IEEE 22nd International Symposium On, Sept. 2011, pp. 745–749. 
Yuechun Chu and Ganz, A. “A UWB-based 3D location system for indoor environments,” in Broadband Networks, 2005. BroadNets 2005. 
2nd International Conference On, 2005, pp. 1147–1155 Vol. 2. 
